We describe the most general asymptotically flat, stationary, non-extremal, dyonic black hole of the four-dimensional N = 2 supergravity coupled to 3 vector multiplets that describes the low-energy regime of the STU model. Under U-dualities, this can be used as a seed to generate all single-centered stationary black holes of N = 8 supergravity. The independent conserved charges are the mass, angular momentum, four electric charges and four magnetic charges; an independent NUT charge can also be added. Several aspects of the black hole are presented, including thermodynamics, the BPS limit, the near-horizon limit in the extremal fast and slow rotating cases, properties of black hole horizons, the existence of Killing tensors and the separability of probe scalars.
where F I = dA I , F I = d A I , and
The Kaluza-Klein reduction of 5d N = 2 supergravity coupled to two vector multiplets with prepotential F (X) = −X 1 X 2 X 3 /X 0 in the gauge X 0 = 1 (see e.g. [34] ) can be obtained by dualizing A 1 in favor of A 1 as
and setting X i = x i + iy i , with x i = χ i and y i = e −ϕi . The U(1)
4 truncation and ungauged limit of N = 8 SO(8) gauged supergravity is recovered by dualizing A 2 and A 3 and by performing an S-duality [33] . All gauge fields A I are then on equal footing.
The general solution. The solution depends on 11 independent parameters: the mass, NUT and rotation parameters (m, n, a); and electric (δ I ) and magnetic (γ I ) charge parameters. The physical charges correspond to these parameters in a complicated way. In particular, the mass M and NUT charge N are
where µ 1 , µ 2 , ν 1 , ν 2 are functions of (δ I , γ I ) written in (43) in the appendix. The electric and magnetic charges are given quite surprizingly in terms of the mass and NUT charges as
We define ρ 
The metric of the general solution is
where
and L(r) and V (u) are linear functions given in (45) . The fact that W and ω 3 can be solely expressed in terms of R, U and linear functions has not been noticed before. The gauge fields and dual gauge fields take the form
where the 3d gauge fields and scalars are given by
where L I (r), V I (u) are the linear functions given in (45) . Note that the gauge fields A I can be built solely from functions already appearing in the metric. More precisely, we note the very elegant relation
The scalar fields are
and ξ i1 , ξ i2 , ξ i3 , η i1 , η i2 , η i3 given in (47) , are functions of (δ I , γ I ). The orientation is fixed by ε trφu = 1. The black hole inner and outer horizons are at r = r ± , the roots of R(r). Letting u = n + a cos θ gives the usual spherical polar angle θ ∈ [0, π]. φ is the usual azimuthal coordinate with period 2π. The scalar moduli, which can be read from the asymptotic behavior of the scalar fields as X i = X 
If δ I = 0 and γ I = 0, then we have the Ricci-flat Kerr-Taub-NUT solution, which we used as the starting point. If δ I = δ and γ I = γ, then we have the dyonic Kerr-Newman-Taub-NUT solution [9] of EinsteinMaxwell theory. If δ 2 = δ 3 = δ 4 = γ 2 = γ 3 = γ 4 = 0 and N = 0, then we have the dyonic rotating black hole of Kaluza-Klein theory [11, 14, 15] . If γ I = 0, then we have the 4-charge Cvetič-Youm solution with NUT charge [13, 17] . If δ 1 = δ 2 , γ 1 = γ 2 and δ 3 = δ 4 = γ 3 = γ 4 = 0, then we have the Einstein-Maxwell-dilaton-axion solution of [10] . If δ 1 = δ 4 , δ 2 = δ 3 , γ 1 = γ 4 , γ 2 = γ 3 , then we have the dyonic rotating black hole of U (1) 2 N = 2 supergravity [16] . If δ 2 = δ 3 = δ 4 , γ 2 = γ 3 = γ 4 and γ 1 = 0, then we have the reduction of a 5d black string [20] . If P 4 = Q 2 = Q 3 = Q 4 = 0 and N = 0, then we have an analytic continuation of the solution of [18] . If a = 0, then we have static solutions, for which the generating solution with 5 independent electromagnetic charges is known [12] . Extremal, asymptotically flat, rotating black holes were studied in [19] .
Thermodynamics. We henceforth restrict to asymptotically flat solutions, which have vanishing NUT charge, by setting n = n 0 . Note that derivatives with respect to δ I must be done before setting n = n 0 . The mass is M and the electromagnetic charges are normalized in geometric units as Q I = 1 4 Q I and P I = 1 4 P I . The angular momentum, which can be obtained by a Komar integral, is
The Killing generator is ξ µ + ∂ µ = ∂ t + Ω + ∂ φ with angular velocity Ω + = a/L(r + ). The entropy and temperature are
In the static case, the function W (r + , u) defined in (8) reduces to L(r + ), and so these quantities can be expressed in terms of W . The electric potential Φ
These quantities obey the first law and Smarr relation,
Note that in the non-extremal case, the attractor mechanism [35] does not apply and the entropy depends upon the scalar moduli X i ∞ , i = 1, 2, 3 in addition to the conserved charges,
. However, the Smarr relation does not depend upon the scalar moduli [29] . Moreover, since the scalar moduli are fixed here X i ∞ = i, the usual first law applies [36] . Cayley hyperdeterminant. In several upcoming formulae, we will use the quartic invariant ∆(Q I , P I ),
The invariant is a Cayley hyperdeterminant, see e.g. [37] , manifestly invariant under SL(2, R) 3 upon rewriting as
with ǫ ab = ǫ [ab] , ǫ 01 = 1 and components a abc given by
This invariant is a special case of a more general E 7(7) quartic invariant [38] .
Supersymmetric limit. In the static case a = 0, we take the limit ǫ → 0 while scaling m ∼ ǫ, δ I ∼ ǫ 0 , e γI ∼ ǫ −1/2 . Then, R = r 2 and the temperature vanishes. The quartic invariant is non-negative ∆ ≥ 0 and the entropy is S + = 2π √ ∆. The mass saturates the BPS bound which, in the case of trivial scalar moduli, reads as (see e.g. [4] )
This indicates that the solution is supersymmetric. The resulting metric takes the isotropic form (21) and the scalar fields admit a non-trivial radial profile interpolating between the attractor values at the horizon and trivial values at infinity, as imposed by asymptotic flatness. Up to U-dualities, the black hole reduces to the one discussed in [21, 22] .
Near-horizon limit of extremal fast rotating case. The extremal and maximally rotating limit is achieved for a = m 2 + n 2 0 . There is a degenerate horizon at r = r + = r − = m. The near-horizon limit (see e.g. [39] ) is
where W + = W | r=r+ , and
The geometry has the expected enhanced SL(2, R)×U(1) symmetry [40] and the expected functional form [41] . The entropy takes the form
Assuming J > 0, it is reproduced by Cardy's formula for a chiral sector of a CFT with central charge c J and temperature T J ,
in accordance with the Kerr/CFT conjecture [42] . A distinct description of the entropy is in terms of Cardy's formula S + = 1 3 π 2 c Q1 T Q1 for a chiral sector of a CFT with central charge c Q1 = 6∂∆/∂Q 1 and temperature
1 , which generalizes [43, 44] . More explicitly,
In fact, eight Cardy formulae hold, one for each electric or magnetic charge, with central charges and temperatures
Near-horizon limit of extremal slow rotating case. The extremal limit with slow rotation is defined as
with ǫ → 0 and the remaining parameters (γ 2 , γ 3 , γ 4 , δ I , I = 1, 2, 3, 4) unscaled. There are four distinct limits depending on the choice of γ I , I = 1, 2, 3, 4 that is blown up. By permutation symmetry, all limits lead to the same metric. Since n 0 = O(ǫ), one can set the NUT charge to zero by setting the final n = n 0 . Besides angular momentum, the solution admits 4 independent electric and 4 independent magnetic charges. The temperature T + and the angular velocity Ω + vanish. We find ∆ ≤ 0, which indicates that there are no BPS black holes with finite area in this class. The entropy reads as
When only Q 1 , P 1 , J are non-zero, the solution matches with the 4-dimensional reduction of extremal solutions of 5-dimensional Kaluza-Klein theory [11, 14, 15] .
In the near-horizon limit (see e.g. [39] ), the metric and gauge fields take the simple form
with
The geometry only depends upon the quartic invariant and the angular momentum and it admits the expected enhanced SL(2, R) × U (1) symmetry [40] . Following the Kerr/CFT conjecture [42] , the entropy is reproduced by Cardy's formula (25) with central charge c J = 12J and T J = 1/2πk. Eight other Cardy formulae hold, one for each electric or magnetic charge, with central charges and temperatures
This generalizes the analysis performed in [45] for the Kaluza-Klein black hole. Properties of horizons. At the inner horizon r = r − , the Killing generator is ξ µ − ∂ µ = ∂ t + Ω − ∂ φ , where again Ω − = a/L, but evaluated at r = r − . Electromagnetic potentials at the inner horizon Φ I − and Ψ − I are defined analogously. Formally similar expressions hold for the quantities S − ≥ 0 and T − ≤ 0 defined at the inner horizon, even though we lack a clear interpretation of these quantities. The first law (16) and Smarr relation (17) also hold at the inner horizon. The two horizon areas have the mass-independent product
Some special cases are discussed in [48] [49] [50] . We next note the Cardy-like formulae
One also has S + T + + S − T − = 0 and Ω + S + = Ω − S − . The first relation in (35) can then also be written as
It is straightforward to derive from the above that
are non-negative and, as functions of (M, J, Q I ,
Using (34), we then obtain the expected Cardy form for the non-extremal black hole entropy [13, 46, 47] S + = 2π
We emphasize that F appears symmetrically under the left and right square roots. The entropy and angular momentum are U-duality invariant because they are defined with respect to the E 7(7) -invariant metric. The quartic invariant is E 7(7) invariant by construction. Therefore, F admits an E 7(7) invariant generalization, that remains to be identified. This invariant will generically depend upon the scalar moduli since the entropy does. Its physics is related to non-BPS black holes since F = 0 in the BPS limit.
Killing tensors. In this section, we consider a more general metric. The metric (7) can be written in the form
Let R, W r and L r be arbitrary functions of r; and U , W u and L u arbitrary functions of u. Define the string frame metric d s 2 = (r 2 + u 2 ) ds 2 /W , with inverse given by
The string frame metric has a Killing-Stäckel tensor
It is generically irreducible, i.e. not a linear combination of the metric and products of Killing vectors. This induces a conformal Killing-Stäckel tensor Q µν , satisfying ∇ (µ Q νρ) = q (µ g νρ) for some q µ , for the Einstein frame metric ds 2 , with components given by Q µν = K µν . The string frame components (r 2 + u 2 ) g µν separate as sums of functions of r and of u, so the string frame Hamilton-Jacobi equation for geodesic motion separates. The Einstein frame massless Hamilton-Jacobi and massive Klein-Gordon equations separate. Special cases of these (conformal) Killing-Stäckel tensors are in [51, 52] . Separability of the Klein-Gordon equation makes the analysis of [53] applicable to the general black hole, which will therefore admit hidden conformal symmetries.
Conclusion.
We derived the most general asymptotically flat black hole of N = 8 supergravity in the U-duality frame corresponding to the STU model. The asymptotically flat solution obeys the first law of thermodynamics; its entropy has the expected Cardy form in the supersymmetric, extremal fast and slow rotating limits and in the general case; it obeys a product of areas formula; and a conformally related metric admits a Killing-Stäckel tensor. The most interesting property of the black hole might be its entropy, which depends upon a mysterious E 7(7) invariant quantity which is independent from solely the quartic invariant and the mass. An outstanding challenge remains to microscopically account for its entropy. sharing Mathematica notes, and the Centro de Ciencias de Benasque Pedro Pascual for its warm hospitality. The work of D.C. was partially supported by the ERC Advanced Grant "SyDuGraM", by IISN-Belgium (convention 4.4514.08) and by the "Communauté Française de Belgique" through the ARC program. G.C. is a Research Associate of the Fonds de la Recherche Scientifique F.R.S.-FNRS (Belgium) and is partly supported by NSF grant 1205550.
Appendix. Here are the remaining details of the solution. We denote s δI = sinh δ I , c δI = cosh δ I , s δI...J = s δI . . . s δJ , c δI...J = c δI . . . c δJ , and similarly for γ instead of δ. The coefficients for the mass and NUT charge are
The linear functions appearing in the solution are
where 
The results for i = 2 and i = 3 are obtained by respectively interchanging indices 1 ↔ 2 and 1 ↔ 3. In our parametrization, the quartic invariant (18) 
